The effect of basal insulin on global and regional brain glucose uptake and metabolism in humans was studied using 18-fluorodeoxyglucose and positron emission tomography (FDG-PET). Eight healthy male volunteers aged 49.3 ؎ 5.1 years were studied twice in random order. On each occasion, they received an infusion of 0.1 mg ⅐ kg -1 ⅐ min -1 somatostatin to suppress endogenous insulin production. In one study 0.3 mU ⅐ kg -1 ⅐ min -1 insulin was infused to replace basal circulating insulin levels, and in the other study a saline infusion was used as control. We sought stimulatory effects of basal insulin on brain glucose metabolism particularly in regions with deficiencies in the blood-brain barrier and high density of insulin receptors. Insulin levels were 27.07 ؎ T he effect of insulin in peripheral tissues is the stimulation of glucose uptake, oxidation, and storage. The effect of insulin on the brain is less well defined. Elevations of circulating insulin can alter brain function, augmenting the counterregulatory response to hypoglycemia (1,2), altering feeding behavior (3,4), and modulating auditory evoked potentials (5). Whether these effects are mediated via an effect on brain glucose metabolism is unknown.
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For insulin-stimulated glucose metabolism to occur in the brain, insulin, insulin receptors, and insulin-sensitive glucose transporters are required. Insulin receptors have been demonstrated throughout the human brain, with particularly high concentrations in the hypothalamus, cerebellum, and cortex (6) . Insulin may be produced in the brain-rat neuronal cells in culture produce insulin in response to stimulation via potassium and calcium ions, in a biphasic manner akin to that shown by ␤-cells (7). However, most brain insulin is thought to originate from systemic circulation. Autoradiography has shown that insulin can cross the blood-brain barrier, penetrating to the circumventricular organs, including the arcuate and ventromedial nuclei of the hypothalamus (8). However, studies over a longer time course have shown that insulin does penetrate the cerebral spinal fluid, probably via receptor-mediated transport and does eventually reach the rest of the brain (9 -11). More recently, Pardridge et al. (12) have shown insulin receptors on the endothelium of the blood-brain barrier, which allow receptor-mediated active transport of insulin into the brain. Finally, insulinsensitive glucose transporters have been demonstrated at the blood-brain barrier and on glial cells in various studies of animal brain, both insulin-sensitive GLUT4 (13-16) and a partially insulin-sensitive GLUT1 (17) . Despite the evidence for appropriate mechanisms, most in vivo studies do not show an effect of incremental circulating insulin on glucose transport across the bloodbrain barrier in either animal (18) or human (19) models. Some animal studies have found regional effects on brain glucose uptake and metabolism, both increases (in the area of the hypothalamic nuclei) (20) and decreases (in the hypothalamus, locus coerulus, and motor cortex) (21) . Positron emission tomography (PET) studies in humans, however, have shown no effect of increasing insulin levels on global brain glucose uptake (22, 19) , and, based on the lack of effect of hyperinsulinemia, it has been concluded that human brain glucose metabolism is not insulin sensitive. This contrasts with the clear evidence for an effect of insulin on brain function mentioned above.
All studies to date have looked at the cerebral effects of hyperinsulinemia. To investigate the hypothesis that brain glucose uptake and metabolism is either partially insulin sensitive or operating at the top of the dose-response curve at basal (fasting) circulating insulin levels, we measured global and regional brain glucose uptake and metabolism using 18 fluoro-deoxyglucose (FDG)-PET during fasting and below fasting insulin levels.
RESEARCH DESIGN AND METHODS
Eight male volunteers (aged 49.3 Ϯ 5.1 years [range [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] and BMI Ͻ30 kg/m 2 ) were studied. Fully informed written consent was obtained before the study. The protocol was approved by the ethics committee of St. Thomas' NHS Trust and ARSAC (Administration of Radioactive Substances Advisory Committee) and conformed to the Helsinki Declaration. Volunteers were excluded if they had an abnormal fasting plasma glucose or HbA 1c , had significant cardiovascular disease, or were taking any regular medication, as detected during a screening examination. Study protocol. Each subject was studied twice, between 2 and 8 weeks apart, with FDG-PET to measure global and regional brain glucose uptake. Subjects were studied at the same time on each occasion, after an overnight fast. Samples for later measurement of insulin were taken throughout the study. A T 1 -weighted magnetic resonance image (MRI) of the brain was performed on a separate day to coregister with the PET images for anatomical definition. Infusion protocol. On the morning of the study, an intravenous catheter was inserted into a vein in the antecubital fossa of the dominant arm using aseptic technique and intradermal lidocaine 1% for skin anesthesia. This catheter was used for the infusion of fluids and drugs. After checking for a collateral circulation, a second catheter was placed in the radial artery of the nondominant hand, again with aseptic method and skin anesthesia. This was for continuous sampling of arterial blood sampling throughout the study. At time 0 min, infusions were started. For all PET studies, somatostatin was infused at 0.1mg ⅐ kg -1 ⅐ min -1 to suppress basal insulin secretion (23) . Subjects were randomized to receive either 0.3 mU ⅐ kg -1 ⅐ min -1 regular human insulin (human Actrapid; NovoNordisk, Copenhagen, Denmark) diluted in a 4% saline solution of autologous blood or a control saline infusion first, with the alternative study second. Arterial plasma glucose was monitored every 5 min using a glucose oxidase method (Yellow Springs Instruments, Yellow Springs, OH) and maintained at euglycemia using 20% glucose i.v. (Baxter Healthcare, Norfolk, U.K.) if necessary. At the end of the scanning period, somatostatin and insulin (if used) were stopped and glucose infusion continued. Subjects were removed from the scanner and given lunch. The glucose infusion was stopped and the intravenous lines removed once plasma glucose was Ͼ5.5 mmol/l without glucose infusion. Scanning protocol. After insertion of the intravascular lines, the subject was made comfortable in the PET scanner (CTI ECAT 951R scanner, axial field view 10.8 cm, in-plane spatial resolution 6.5 mm; CTI/Siemens, Knoxville, TN). The subject's head was aligned axially to the orbito-meatal line, secured by a restraining strap, and the position was monitored using a laser grid. Sensory disturbance was standardized by studying subjects with their eyes shut and with background scanner noise. Before injection of tracer, a 10-min transmission scan used to correct for photon attenuation was performed. After 90 min, when the glucose kinetics for somatostatin with or without insulin were in steady state, a single dose of ϳ185 MBq of 18 FDG, made up to 10 ml with normal saline, was injected peripherally over 10 s, and the injection line was then flushed with 10 ml normal saline. Dynamic scanning was started, taking 26 frames of variable duration over 90 min. Continuous on-line blood sampling to detect tracer levels was started 1 min before tracer injection at a rate of 5 ml/min for 15 min and then 2 ml/min for 15 min (IVAC 572 peristaltic pump; Eli Lilly, San Diego, CA). This blood was drawn through a Bismuth Germinate Oxalate Crystal Fluid Analyzer (Allogg, Stockholm, Sweden). Timed 2-ml hand-drawn arterial blood samples were taken at 5-min intervals throughout the scan for cross calibration of the fluid analyzer data with a well counter (calibrated to the PET scanner) and measurement of plasma glucose. The fluid analyzer data and timed samples were used to derive an arterial plasma input function for each study. PET images were reconstructed by filtered backprojection and smoothed with a Hanning 0.5 filter. This gave a spatial resolution of 8.5 mm full-width at half maximum transaxially and axially. Reconstructed images were displayed in a 128 ϫ 128 ϫ 31-voxel format, each voxel measuring 2.0 ϫ 2.0 ϫ 3.43 mm. The FDG uptake images were created by summation of the images acquired 30 -90 min postinjection.
Image analysis
Whole-brain rate of glucose uptake with and without insulin. For each PET study, the dynamic PET image data and the arterial input function were combined to produce a parametric image of the rate of glucose utilization using the generic method described by Patlak et al. (24) . This method requires that concentrations of unbound FDG in plasma and tissue rapidly reach equilibrium, and that phosphorylated FDG remains trapped in tissue for the duration of the study and has been validated for FDG in the brain (25) . The method gives a value for the rate of glucose uptake in absolute units, where the rate of uptake is the product of the plasma glucose concentration and the rate constant for glucose uptake. It therefore provides a measure of the rate of glucose utilization that is independent of changes in the arterial tracer and glucose concentration between subjects and between studies. To provide a quantitative value for the rate of glucose uptake, it is necessary to apply a "lumped constant" (LC), which accounts for the difference in behavior between FDG and native glucose. We have used the standard value of 0.52 for LC (26) . The average whole-brain rate of glucose uptake was calculated for the two different conditions, i.e., with or without basal insulin replacement, by the addition of all brain image slices after application of a 40% threshold to exclude noncerebral tissue activity. Regional brain FDG uptake with and without insulin. To identify regional differences in brain glucose uptake in the presence or absence of insulin, a statistical package specifically designed for comparing PET brain images was used. Statistical parametric mapping (SPM) was performed using the SPM99 program (Wellcome Department of Cognitive Neurology, London, U.K., implemented in Matlab 4.2c, Mathworks, Sherborn, MA). In SPM, images are transformed into a common anatomical space, and a statistical analysis identifies significant differences between groups of data (in our case, with or without basal insulin replacement) on a voxel-by-voxel basis. Brain regions where significant differences are found are displayed as a new parametric image, where the image intensity at any point is related to the statistical significance. The SPM map can be displayed superimposed on a standard MRI anatomical image to identify the anatomical locations of statistically significantly different regions. SPM analysis was performed on the summed raw FDG uptake images, as this has been demonstrated to be most sensitive to small regional change (27) . The effect of variation in whole-brain FDG uptake from variations in injected activities, plasma glucose concentrations, and plasma FDG concentrations was removed using a voxel-by-voxel ANCOVA, with values for mean whole-brain uptake as the confounding covariate. Clusters of voxels surviving a threshold Z score Ͼ3.0 (omnibus threshold P Ͻ 0.001) were considered to show significant differences (28, 29) . To enhance anatomical localization, the locations of volumes of change were displayed by rendering the maximum intensity map onto orthogonal planes of a highresolution T 1 -weighted MRI brain scan in Talairach space provided with the SPM99 software. Voxel clusters with a highly significant P value after correction for multiple comparisons were identified to anatomical regions using the Talairach coordinates. FDG uptake in specific areas. The SPM analysis does not provide values for the magnitude of the regional differences it identifies. To quantify any regional changes, regions of interest (ROIs) were placed manually on each subject's MRI image in anatomical areas corresponding to those suggested by published work on insulin receptor location and those identified by the SPM analysis as exhibiting significant differences. These ROIs were then transferred from the anatomical MR images onto the PET images following coregistration of the MRI and PET images (30) . Raw images of FDG uptake, while not providing quantitative values in absolute units, have a much higher signal-to-noise ratio than the parametric described above. The rate of glucose utilization for the cerebral cortex was measured by transferring ROIs directly onto the Patlak images, but for smaller regions. Rates of glucose utilization were obtained by measuring the ROI-to-whole-brain ratio from the FDG uptake image and multiplying this by the whole-brain rate of glucose utilization derived above. Biochemical analysis. Plasma insulin was measured by radioimmunoassay (Diagnostic Systems Laboratories, London, U.K.) with a sensitivity of 1.3 mU/l. The intra-assay coefficient of variation (CV) was 8.3% at 4.8 mU/l, 4.5% at 17.6 mU/l, and 6.4% at 54.6 mU/l. The interassay CV was 12.2% at 4.9 mU/l, 9.9% at 16.2 mU/l, and 4.7% at 52.9 mU/l, with 50% cross-reactivity for proinsulin and split products.
C-peptide was measured by radioimmunoassay (Diagnostic Systems Laboratories) with a sensitivity of 0.01 ng/ml. The intra-assay CV was 3.3% at 1.8 ng/ml, 4.3% at 4.3 ng/ml, and 7.9 at 9.7 ng/ml. The interassay CV was 5.3% at 1.6 ng/ml, 2.4% at 1 ng/ml, and 5.1% at 9.7 ng/ml. Statistical analysis. Data are presented as means Ϯ SD. Data were compared using paired Student's t tests, using SSPS for Windows 10.5 (SPSS, Woking, U.K.), and differences were regarded as statistically significant if P values were Ͻ0.05. Raw FDG-PET data were compared by SPM as described above.
RESULTS
Mean plasma glucose was 5.6 Ϯ 0.6 mmol/l during somatostatin alone and 5.2 Ϯ 0.4 mmol/l during somatostatin plus insulin infusion (P ϭ 0.038). The increment during somatostatin alone was confined to the last 30 min of scanning ( Fig. 1) and is adjusted for in the PET analysis (see RESEARCH DESIGN AND METHODS).
Somatostatin alone suppressed insulin levels to 3.51 Ϯ 0.4 mU/l. Levels were eightfold higher during somatostatin plus insulin infusion at 27.07 Ϯ 1.3 mU/ml, P ϭ 0.001 (Fig. 2) , not significantly different from the basal presomatostatin levels (14.9 Ϯ 15.3 mU/ml, P ϭ 0.1). C-peptide-a measure of endogenous insulin production-was suppressed to near zero during the period of the scan for both studies (Fig. 3) . Absolute glucose infusion during the scanning period was more when insulin was infused than when no insulin was infused (292.45 vs. 13.35 mg/kg, P ϭ 0.0005).
Image analysis
Whole-brain rate of glucose utilization with and without insulin. Global brain rates of glucose uptake for all subjects increased in all eight subjects in the presence of basal insulin (Fig. 4) . The average global cerebral metabolic rate of glucose was 0.215 Ϯ 0.030 mmol ⅐ kg -1 ⅐ min -1 without insulin and 0.245 Ϯ 0.021 mmol ⅐ kg -1 ⅐ min -1 with insulin replacement, P Ͻ 0.008. The rate of glucose utilization for the whole-brain was 15.3 Ϯ 12.5% higher in the presence of basal insulin levels.
Regional brain FDG uptake with and without insulin.
The SPM image in Fig. 5 indicates the areas where the relative FDG uptake (compared with the average wholebrain value) differed significantly between the two insulin levels. The highlighted areas include the cerebellum and areas of the brain stem. In the presence of basal insulin, compared with no insulin, there was a significantly reduced relative tracer uptake in both the right and left cerebellar lobes (corrected P ϭ 0.031, Z ϭ 5.53 and corrected P ϭ 0.052, Z ϭ 5.37), indicating that the increase identified by the global analysis was less in these regions than in the rest of the brain. The loss of difference in the inferior cerebellum when the SPM data are projected onto an anatomical MRI scan occurred because the PET scan did not include the lowest levels of the cerebellum. The change in relative tracer uptake in the brain stem did not reach statistical significance. For the rest of brain, there were no relative differences, and these nonhighlighted areas were therefore responsible for the increase in global glucose uptake with basal insulin identified above. Quantitative rates of glucose utilization in specific brain areas. Values for the rate of glucose utilization in ROIs placed in the cerebellum, a brain stem region, and the cortex are given in absolute units in Table 1 . In agreement with the SPM analysis, while the cerebellum shows a slightly higher rate in the presence of insulin, the increase was small and nonsignificant. The brain stem showed no significant change. The average increase in the cortex was similar to that for whole-brain.
DISCUSSION
Our study results challenge the accepted view that human brain glucose uptake is an entirely insulin-independent 
FIG. 2. Mean insulin levels ؎1 SD with insulin (-E-) and without insulin (-f-) infusion.
process. Instead, our data suggest that there is a significant element of brain glucose uptake that is insulin sensitive, with a dose-response curve that is shifted well to the left of dose-response curves for other insulin-sensitive tissues, such as muscle or liver. Previous studies have demonstrated no change in rate of brain glucose metabolism in response to elevations of circulating insulin above the basal (fasting) range (19, 22) . Our data, examining the effect of basal insulin replacement during somatostatin infusion, show that brain glucose uptake is however partially insulin sensitive, as there was a significant reduction in global brain glucose uptake when circulating insulin levels were reduced below this. Coupled with the published data showing no effect of increasing circulating insulin above fasting levels, we can infer that brain glucose metabolism is maximally stimulated at these fasting insulin concentrations. The magnitude of the effect may not seem large, but this is because it is superimposed on a background of insulin-independent brain glucose uptake. A 15% increase in brain glucose uptake secondary to insulin stimulation may have clinical significance. One other study in the recent literature that has sought to examine the effects of basal insulin concentrations on brain glucose metabolism failed to find an effect (31) . The study protocol was very different from ours, using 1H magnetic resonance spectroscopy. It was required to be performed at hyperglycemia and always with the insulin withdrawn state first. Hyperglycemia may have elevated glucose uptake by mass action, masking the effect of the change in insulin. Furthermore, in PET studies, first scans are associated with an ϳ6% increase in measured global brain glucose uptake, an order effect attributed to anxiety and slightly elevated catecholamine levels (22) . It is possible that a similar effect might occur with MRI.
Our study used FDG-PET to trace brain glucose uptake. FDG traces glucose uptake into cells and its subsequent phosphorylation but then does not continue along the glucose metabolic pathway. Indeed this is integral to its performance in PET measurements of glucose uptake, which are based on the accumulation of the FDG in the cells. However, we cannot draw any conclusions about the fate of the insulin-stimulated glucose uptake we observed using FDG. It can be assumed that the increased uptake is brought about by recruitment of glucose transporters to the plasma membrane of cells within the brain. If this is a direct effect of the insulin, then the partially insulin- 
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sensitive GLUT1, the major transporter of glial cells, may be largely responsible (32) because the principle neuronal transporter GLUT3 is considered insulin insensitive. The glucose may then be converted into lactate for neuronal use (33, 34) or be converted into glycogen (35) . The debate as to whether the neuronal energy requirements are fulfilled by glial-supplied lactate (33, 34) or glucose (36, 37) continues and cannot be determined from our study design. In contrast to the glucose transporters, insulin receptors in the brain are widely distributed on neurons and glial (38) . While in culture, glial cells respond to insulin by stimulation of glucose uptake (39, 40) ; the neuronal response to insulin is stimulation of neurotransmitter release (41) , so it is possible that the increased glucose uptake we observe is secondary to neuronal activation by insulin. In any event, the net effect of insulin in our study remains an increase in brain glucose uptake, whatever the ultimate fate of the glucose.
Other possible explanations for the decrease in global brain glucose uptake with removal of basal insulin must be considered. An increase in nonglucose substrates for cerebral metabolism during somatostatin infusion, suppressed by insulin replacement, might explain our data, as the brain can use lactate or 3-OH-hydroxybutyrate as a metabolic fuel. However, published data suggest that somatostatin infusion, as used here, is unlikely to have resulted in sufficient plasma concentrations of either, as lactate does not increase significantly and the increase in plasma ketone concentration is much lower than any used to show physiological effects on brain function (42) . Any alteration in insulin antagonist hormones induced by somatostatin would be equal in both groups and, as such, unlikely to account for our findings. There is also no reason to suppose that somatostatin would alter the lumped constant used to calculate glucose uptake rates from FDG data, but in any event, the effect would have been the same in both groups.
Might the insulin replacement or the somatostatin infusion be altering cerebral blood flow? Previous PET studies using labeled water (19, 22) have shown no effect of increased insulin levels on this. In any event, even moderate changes in blood flow have not been shown to affect tracer uptake (43) . Somatostatin was present for both studies and it has a very limited ability to cross the blood-brain barrier. Animal data shows that the direct effect of somatostatin on cerebral vasculature is vasoconstriction (44) and thus it is unlikely to be the explanation for the difference in brain glucose uptake. Parenthetically, it should be noted that the difference in plasma glucose levels during the somatostatin alone infusion could not account for our findings. The lumped constant used to describe the ratio between transport and phosphorylation of glucose and its tracer is insensitive to small changes in plasma glucose and the analysis of the PET data accounts for the ambient plasma glucose. To be certain, we reanalyzed our data using only the first 60 min, when plasma glucose was not different between the studies (data not shown) and found exactly the same effect. The amount of glucose infused to maintain plasma glucose at 5 mmol/l was significantly higher when insulin was infused. There is no evidence that this would have an effect on brain glucose uptake (19, 22) .
The effects of peripheral insulin in brain in vivo may be expected to be modest because of limited access to the intracerebral insulin receptors. In vivo, insulin can access the brain cells both via the cerebrospinal fluid reached through regions of deficiency in the blood-brain barrier (8) , and directly through the blood-brain barrier elsewhere via specific insulin receptors that can act as transporters (12) . These have recently been demonstrated to be saturable at modest insulin levels (10) that may limit the effect of increased insulin levels on brain glucose utilization. In addition, studies of insulin kinetics from plasma to cerebrospinal fluid (CSF) (11) have shown that increments in plasma insulin are only followed by increases in CSF insulin 60 -150 min later, so a longer run-in period may have given us more dramatic effects. Any regional differences in insulin uptake (45) are unlikely to explain the regional differences in glucose uptake seen.
Our regional data are at first glance surprising, showing a lesser effect of basal insulin replacement in brain regions with the highest densities of insulin receptors. Either glucose metabolism in these, phylogenetically older, brain regions is relatively insulin independent or, as we did not remove insulin entirely from the circulation, glucose uptake was already maximally stimulated, even at the very low insulin levels of our somatostatin and saline infusions. The possible importance of an effect of insulin on brain glucose uptake, which is maximal at normal fasting insulin levels but which is reduced as insulin levels decrease to near zero as might be seen during starvation, are potentially logical. In normal health with adequate nutrition, glucose supply to the brain is the first priority. If, during extreme fasting, glucose supply is becoming critical, it may be that even the brain has to accept a reduced glucose uptake. The regional differences in insulin sensitivity would support maintained glucose supply to areas of the brain critical to homeostasis and immediate survival, i.e., brain stem and cerebellum (46) , while permitting reduced glucose supply to the cortex. Additionally it may be that some areas of the brain are more able to use alternative substrates or glucose stores during periods of fasting, explaining the regional differences seen.
Of further interest is the possible existence of cerebral brain insulin resistance. Whole-body insulin resistance has recently been linked in epidemiological studies with increased risk of cortical dysfunction (47) and the rising prominence of insulin-resistance syndromes in disease (48) makes this an important area for further study.
In conclusion, we have shown that insulin does have a significant effect on global brain glucose metabolism and that this effect is mainly in the cerebral cortex. This may be either a direct effect of insulin stimulating glucose uptake and metabolism, as in peripheral tissues, or an indirect effect achieved via insulin-stimulated neuronal activation with secondary increment in cell glucose metabolism. Either way, the data show that insulin can access the insulin receptors of the brain and have a metabolic effect on the brain, which may be maximal at basal (fasting) circulating insulin concentrations. These data give us a tool for the further investigation of brain glucose metabolism in health and disease.
